Abstract-In this paper, an antenna-mode-switch technique is proposed to reduce the array size for the DOA (direction-of-arrival) estimation. Conventional DOA estimation requires many elements of antenna array to achieve high resolution, and then suffers from large array size. To improve such disadvantages, this paper proposes an antenna-mode-switch technique to reduce the required number of array elements. Our results show that the required number of array elements will be greatly reduced by using the proposed technique. Furthermore, a bow-tie antenna design for implementing the proposed antennamode-switch technique is also proposed. The results prove that highresolution and accurate properties of such a practical antenna design is very close to those of the ideal antenna mode.
INTRODUCTION
DOA (direction-of-arrival) estimation plays an important role in wireless communication systems. The goal is to find directions or even locations of signal sources. With the DOA information, the main beam of an antenna array can easily track the target source. Thus one can increase the signal-to-noise ratio (SNR), extend the radio coverage, enhance the privacy, and implement context-aware service in wireless communication systems [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Many techniques of DOA estimation have been introduced in [1] . Most of them need large amount of signal processing, such as eigenvalue decomposition of the incident signals and signal autocorrelation matrix calculation to achieve high resolution [12] . Great computation resources are utilized in the processes and they are not acceptable in mobile communication devices. Without loss of generality, the delay-and-sum DOA estimation is considered in this paper. It is a simple and fast DOA algorithm and no eigenvalue decomposition process is required, so it consumes very few computations and is suitable to be realized on mobile devices. But conventional delay-and-sum DOA estimation requires many elements of antenna array to achieve high resolution, and then suffers from large array size. This then motivates us to develop a new technique to improve such disadvantages.
In this paper, an antenna-mode-switching technique is proposed to reduce the required array number of a smart antenna array. This study includes two parts, i.e., theoretical analysis and practical implementation. Initially, the theoretical analysis is first given. It utilizes the concept of array pattern diversity to get better diversity gain [13] . We expect to reduce the required element number of a smart antenna array by using antenna-mode-switching elements. Next, the practical implementation is proposed. A bow-tie antenna design is proposed to practically implement the antenna-mode-switching elements for the above smart antenna array. This design of antenna element can provide high resolution and accuracy. Therefore, the proposed antenna-mode-switching technique can be practically realized to reduce the array size and will be suitable for small mobile devices.
ARRAY ANALYSIS
Initially, the conventional delay-and-sum DOA [1] is briefly introduced. Figure 1 shows the structure of an M -element adaptive antenna array. In Figure 1 , there are D signal sources S 1 (t), S 2 (t), . . . , S D (t) coming from directions of θ 1 , θ 2 , . . . , θ D , respectively. The array output y(t) can be expressed as [14] 
where the notation "H" denotes the Hermitian transpose. In (1), the weight vectorW is defined as
where W 1 , W 2 , . . . , W M are weights of array elements, and the notation "T " denotes the transpose. Theū(t) of (1) denotes the received signal and is given as whereā(θ i ), i = 1, 2, . . . , D, is an M -element steering vector for the signal from direction θ i . In (3), then(t) represents an additive Gaussian noise vector with zero mean. The array output power is
where E[·] denotes the statistical average. Assume the array receives a signal from direction of θ i (1 ≤ i ≤ D). According to the delay-andsum DOA estimation [1] , the spatial spectrum of P in (4) will have maximum (or peak) at θ = θ i . The way to find is to plot the array output power with respect to scanned angles of directions. The angle which corresponds to the maximum array output power is the DOA of the incoming signal. Although the conventional delay-and-sum DOA estimation given above is simple and efficient, it often requires many elements of antenna array to achieve high resolution. Consider a linear antenna array with element spacing of λ/2 (λ is the wavelength). Assume there are two signals with equal SNR (signal-to-noise ratio) of 20 dB arriving from directions of θ = −10 • and θ = 20 • . For simplicity, the mutual coupling effects between array elements are ignored in this paper. According to the conventional delay-and-sum method, the array output power with respect to scanned angles of directions under different number of array elements is plotted in Figure 2 . The information contained in Figure 2 is further listed in Table 1 . From Figure 2 and Table 1 , it results that the error of delay-and-sum method is reduced as the number of array elements increases. In other words, the resolution of delay-and- angle of direction (θ, degree) array output power (dB) Figure 2 . The array output power with respect to scanned angles of directions under different number of array elements by using the conventional delay-and-sum method. 
sum method is improved as the number of array elements increases. In this example, the resolution of delay-and-sum DOA estimation will be unacceptable as the number of array elements is less than 6. To improve the resolution of DOA estimation, the number of array elements should be increased [16, 17] or correlated channels should be avoided by using array elements with different gain patterns [18] . However, the increase for number of array elements will also increase the array size and cost. In order to diminish the disadvantages of conventional delay-andsum method, an antenna-mode-switching technique is proposed in this study. In our treatment, each element of antenna array has two ideal modes in radiation pattern including ideal mode #1 and ideal mode #2. For each mode, the gain of the front lobe is 10 dBi larger than that of the back lobe. The antenna patterns of the two modes are shown in Figure 3 . In Figure 3 , the pattern "ideal mode #1" is for scanning the spatial region of −90 • < θ < 0 • , whereas the pattern "ideal mode #2" is for scanning the spatial region of 0 • < θ < 90 • . In other words, each antenna element is switched to ideal mode #2 as the array scans within the spatial region of 0 • < θ < 90 • . Similarly, each antenna element is switched to ideal mode #1 as the array scans within the spatial region of −90 • < θ < 0 • . The main benefit of such a twomode radiating pattern is that it can reduce the interference from spatial region not being scanned. To illustrate such a benefit, we consider a linear antenna array with three elements spaced by λ/2, as shown in Figure 4 .
As each element in Figure 4 is chosen as the dipole antenna with omni-directional radiation pattern in X-Y plane, the array factor (AF ) can be expressed as [15] 
where d = λ and β is wave number. As each antenna element is replaced by our sector antenna with radiation pattern "mode #2", the array factor is unchanged in directions of 0 Array factor
Dipole antenna Antenna-switch mode #2 Figure 5 . Array factor for a 3-element linear antenna array with each element chosen as conventional dipole antenna, or chosen as sector antenna of ideal mode #2. Figure 5 shows the array factor for a 3-element linear antenna array with each element chosen as conventional dipole antenna, or chosen as sector antenna of mode #2. In other words, Figure 5 shows the results of (5) and (6) . From Figure 5 , it clearly shows that interferences from spatial region −180 • < θ < 0 • can be greatly reduced as each array element is chosen as sector-antenna of ideal mode #2. Similarly, one can easily prove that interferences from spatial region 0 • < θ < 180 • can be greatly reduced as each array element is chosen as sectorantenna of ideal mode #1. Therefore, an antenna array composed of sector-antenna elements (i.e., with antenna-mode-switching technique) will achieve better resolution than conventional dipole-antenna array due to low interferences. Next, each element of the antenna array in Figures 1 and 2 is replaced by our sector antenna, i.e., with antenna-mode-switching technique. As mentioned above, the antenna array is assumed to contain 3 elements. By using the delay-and-sum DOA scheme with each element replaced by our sector antenna, the array output power with respect to scanned angles of directions for a 3-element array can be obtained. There are three examples given to illustrate our antennamode-switching technique. In the first example (case #1), there are two signals from directions of θ = −10 • and θ = 20 • . Figure 6 shows the array output power with respect to scanned angles of directions for a 3-element array with antenna-mode-switching technique. For comparison, the result without antenna-mode-switching technique is also given in Figure 6 . The information contained in Figure 6 is further listed in Table 2 . From Figure 6 and Table 2 , it results that the error of DOA estimation is greatly reduced as the antenna-modeswitching technique is added to the delay-and-sum scheme. In other words, the resolution of DOA estimation is greatly improved with the use of our antenna-mode-switching technique. From Figures 2  and 6 , it results that the DOA resolution of "3-element array with antenna-mode-switching technique" is better than that of "6-element array without antenna-mode-switching technique". In other words, the use of antenna-mode-switching technique in delay-and-sum DOA estimation can greatly reduce the required number of array elements.
In order to make our antenna-mode-switching technique more reliable, additional examples are given. In the second example (case #2), there are two signals from directions of θ = −40 • and θ = 40 • . All the other conditions are the same as those of the first example. The results are shown in Figure 7 and then further listed in Table 3 .
In the third example (case #3), there are two signals from directions of θ = −80 • and θ = 80 • . All the other conditions are the same as those of the first or the second example. The results are shown in Figure 8 and then further listed in Table 4 . All the three examples (case #1, #2, #3) show that the DOA estimation resolution "with Table 2 . Information contained in Figure 6 . antenna-mode-switching technique" is better than that of "without antenna-mode-switching technique".
Note that all the three examples ( Figure 6 , Figure 7 , and Figure 8 ) utilize only 3 elements in the antenna array and the results (accuracy & resolution) are better than most curves of Figure 2 , which has 3, 4, 5, or 6 elements without proposed technique. For each example of the above analyses, the two signals come from directions of different sectors and the DOA estimation performance is very good. As the two Table 4 . Information contained in Figure 8 . (5), (6) so that the two signals become "virtual" different-sector sources. Finally, the required number of antenna array for estimating the DOA is greatly reduced by our technique. Next, the effect of array element number on proposed antennamode-switching technique is investigated. Figure 9 shows the array output power with respect to scanned angles of directions under different number of array elements by using the antenna-modeswitching technique. The information contained in Figure 9 is further listed in Table 5 . From Figure 9 , it reports that 3 elements are adequate in such examples to obtain accurate estimation of DOA. Therefore, the assumption of 3-element array in the above several examples is reasonable. angle of direction (θ, degree) array output power (dB) Figure 9 . The array output power with respect to scanned angles of directions under different number of array elements by using the antenna-mode-switching technique. Table 5 . Information contained in Figure 9 .
No. of elements signal from θ = −10
The above array analyses are implemented by using a personal computer (Acer Aspire One, CPU: 1.6 GHz Intel Atom N270) installed with Matlab 7.1 software. The computing time mainly depends on the complexity of DOA algorithms. In this study, the delay-and-sum DOA algorithm, which is simple and fast, is utilized for testing the antenna mode switch technique. The CPU time is approximately the same (≈ 0.0469 sec) for calculation with and without the antenna mode switch technique. It should be noted that the major advantage of antenna-modeswitching technique is to reduce the required number of array elements, but not the computing time. 
IMPLEMENTATION OF ARRAY ELEMENT
The goal of this section is to find practical antenna design for implementing the proposed antenna-mode-switching technique, which has been theoretically analyzed in the previous section. For WLAN communications, antennas of 2.4 GHz are usually utilized in these devices. In order to design an antenna for such gain pattern at 2.4 GHz, bow-tie antennas are employed in some researches of DOA [19] . It is a compact size, wide band and high directivity antenna. Therefore the bow-tie antenna is a good choice for our goal. Figure 10 shows the geometry of proposed bow-tie antenna for one antenna element and its photograph on FR-4 substrate. In Figure 10 , the practical antenna element is composed of two bow-tie components, i.e., component #1 and component #2. The whole element is small with size of W 2 = 24 mm and L 2 = 30 mm. Such antenna design is experimentally realized on a FR-4 substrate (ε r = 4.4, thickness h = 1.4 mm). The component #1 is located at the top side of substrate and component #2 is located at the bottom side of substrate. As the switch is at mode #1, only port 1 is activated and radiation pattern at XY plane can be obtained by both ANSYS HFSS software simulation and practical measurement. The simulation and measurement results are depicted in Figure 11 (a). As the switch is at mode #2, only port 2 is activated and radiation pattern at XY plane is shown in Figure 11(b) . Next, the pattern of antenna mode switch in Figure 3 (i.e., ideal case) is replaced by that of Figure 11 (practical antenna design). All Figure 11 . The simulated and measured antenna patterns for practical antenna design (a) mode #1, and (b) mode #2. Table 6 . Normalized antenna gains contained in Figure 3 and Figure 11 . gain information for the six directions of arrivals for signals mentioned in three examples of the previous section is listed in Table 6 . The following three examples illustrate how the results of Section 2 vary as each array element is replaced by our practical antenna design.
In the first example (case #1), there are two signals from directions of θ = 20 • and θ = −10 • . Figure 12 shows the array Table 7 . Information contained in Figure 12 . Table 8 . Information contained in Figure 13 .
output power with respect to scanned angles of directions for a 3-element array by using our practical antenna-mode-switching design (including simulation and experiments) as the array elements. For comparison, the result of using ideal antenna-mode-switching array elements is also given in Figure 12 . The information contained in Figure 12 is further listed in Table 7 . From Figure 12 and Table 7 , it results that the difference of DOA estimation between ideal analysis and practical implementation is less than 1 • , which is very small and reasonable.
In the second example (case #2), the two signals come from directions of θ = 40 • and θ = −40 • . Figure 13 shows the array output power with respect to scanned angles of directions for a 3-element array by using practical and ideal antenna-mode-switching array elements, respectively. The information contained in Figure 13 is further listed in Table 8 . From Figure 13 and Table 8 , it reports that the results by ideal analysis and practical implementation are very consistent.
Similarly, the third example (case #3) has two signals coming from directions of θ = 80 • and θ = −80 • . Figure 14 shows the array output power with respect to scanned angles of directions for a 3-element array by using practical and ideal antenna-mode-switching array elements, respectively. The information contained in Figure 14 is further listed in Table 9 . From Figure 14 and Table 9 , it reports that the results by ideal analysis and practical implementation are very consistent. All the three examples ( Figure 12 , Figure 13 and Figure 14 ) have successfully utilized our practical antenna design to implement a 3-element smart antenna array. The results by using our practical antenna-mode-switching design are consistent with those of ideal analyses. In other words, the proposed idea of antenna mode switch for DOA estimation can be practically realized with high accuracy and excellent resolution.
CONCLUSION
In this paper, an antenna-mode-switching technique has been proposed to successfully improve disadvantages of delay-and-sum DOA estimation. Conventional omni-direction dipole antenna elements are replaced by antennas with particular radiation pattern to serve as the array elements and spatially filter the interferences. With the use of antenna-mode-switching technique, interferences from opposite halfspace to desired signals are greatly reduced. Thus the resolution of DOA estimation is greatly improved due to the degrading of interferences. Therefore, the required number of array elements will be greatly reduced by using the proposed technique and the accuracy of DOA estimation is still very good. The reason why choosing the delayand-sum DOA algorithm to test the proposed technique is that the delay-and-sum method is easy and fast to implement. It requires very little computing time and will be suitable for mobile devices. In fact, there is no limitation on choosing the DOA algorithm. In other words, our techniques can be applied to any other DOA algorithms since physically the interferences have been degraded. Our results show that the antenna-mode-switching technique can be practically implemented. Through the use of proposed technique, smart antenna arrays for DOA estimation will have the benefits of smaller size and better resolution. The proposed technique in this study can also be applied to many other topics in smart antennas or wireless communication systems [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] .
